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SeawaterSabkhat (Salt ﬂats) are common geographic features of low-lyingmarine coastal areas that develop under hyper-
arid climatic conditions. They are characterized by the presence of highly concentrated saline solutions and evap-
oritic minerals, and have been cited in the geologic literature as present-day representations of hyper-arid
regional paleohydrogeology, paleoclimatology, coastal processes, and sedimentation in the geologic record. It is
therefore important that a correct understanding of the origin and development of these features be achieved.
Knowledge of the source of solutes is an important ﬁrst step in understanding these features. Historically, two
theories have been advanced as to themain source of solutes in sabkha brines: an early concept entailing seawa-
ter as the obvious source, and a more recent and dynamic theory involving ascending geologic brine forced
upward into the base of the sabkha by a regional hydraulic gradient in the underlying formations. Ra-226
could uniquely distinguish between these sources under certain circumstances, as it is typically present at elevat-
ed activity of hundreds to thousands of Bq/m3 (Becquerels per cubic meter) in subsurface formation brines; at
exceedingly low activities in open ocean and coastal water; and not signiﬁcantly supplied to water from recently
formed marine sedimentary framework material. The coastal marine sabkha of the Emirate of Abu Dhabi was
used to test this hypothesis. The distribution of Ra-226 in 70 samples of sabkha brine (mean: 700 Bq/m3), 7 sam-
ples of underlying deeper formation brine (mean: 3416 Bq/m3), the estimated value of seawater (b16 Bq/m3)
and an estimate of supply from sabkha sedimentary framework grains (b~6 Bq/m3) provide the ﬁrst direct evi-
dence that ascending geologic brine contributes signiﬁcantly to the solutes of this sabkha system.
Published by Elsevier B.V.1. Introduction
Sabkhat (salt ﬂats) are extensive geographic features in many arid
and hyper-arid coastal environments of the world and are typically
associatedwith highly concentrated brines occurring in the shallow sur-
ﬁcial aquifers beneath the surface. As a result, contemporary sabkha
environments have become geological analogs for evaporitic environ-
ments in the sedimentary record and therefore it is important to identi-
fy and correctly understand the processes responsible for accumulation
of solutes in these systems.
Early models of sabkha brine formation assumed that the solutes
were concentrated by evaporation of seawater (Kinsman, 1969; Butler,
1969; Patterson and Kinsman, 1977, 1981, 1982) or seawater and shal-
low groundwater (Hsü and Siegenthaler, 1969; Hsü and Schneider,
1973; McKenzie et al., 1980; Müller et al., 1990).
Later, a fundamentally different model was presented whereby the
majority of thewatermaking up these brineswas supplied by local rain-
fall, but solutes originated to a large extent from upward migration ofoods Hole Coastal and Marine
543, United States.
.geologic brine from deeper formations, with seawater contributing
only initially and in a minor way to the composition (Sanford and
Wood, 2001; Wood and Sanford, 2002; Wood et al., 2002; Wood et al.,
2005; Wood and Sanford, 2007; van Dam et al., 2009).
This ascending brinemodel (ABM) overcame difﬁculties inherent in
sea water-based models, and was in agreement with solute mass bal-
ance, water isotope data, solute ratios and positive hydraulic head in
the underlying formations. However, clear direct evidence that the
model functioned as described, and is currently active, was lacking.
Here we use the presence of Ra-226 to provide such primary evidence
based on 1) its elevated activity of several hundred to thousands of
Bq/m3 (Becquerels per cubic meter) in subsurface brines (Kraemer
and Reid, 1984; Vengosh et al., 2009), 2) near absence in open ocean
and coastal seawater (b16 Bq/m3, Okubo et al., 1979; Moore et al.,
1985; Liu et al., 2010; Su et al., 2010; Ohta et al., 2011; Charette et al.,
2013), and 3) lack of supply in signiﬁcant amounts (as compared to for-
mation brines) by sedimentary grains (b~6 Bq/m3).
The presence of radium in signiﬁcant amounts (greater than a few
hundred Bq/m3) in the sabkhabrinewould therefore be strong evidence
for the ultimate source of solutes being from geologic brines, whose
accumulation in the sabkha brine, additionally, would have to be recent
owing to the geologically short half-life of Ra-226 (t1/2 = 1601 y).
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Our study area is in the coastal region of the Arab Gulf, southwest of
Abu Dhabi City in the United Arab Emirates, the classic site where most
studies relating to development of sabkha-hosted hyper-saline brines
has taken place. The area (Fig. 1) is a ﬂat, low-lying region approximate-
ly 300 km long by 10 km wide. The surﬁcial formation (Abu Dhabi for-
mation, Wood et al., 2002) upon which the sabkha has developed has
been inferred by sedimentalogical and 14C methods at 7000 y or older
(Evans, 1995) and by the optically stimulated luminescence method at
8000 ± 800 y (Wood et al., 2002), and overlies local cemented Pleisto-
cene age dunes and more regional carbonate deposits of the Middle to
Upper Miocene age Gachsaran Fm. (Peebles, 1999).
The wedge-shaped sabkha formation averages 10 m in thickness
(thickest toward the Gulf) and is composed of un-cemented, reworked
sand dune deposits of uniform grain size (98% of its mass is between
0.16 and 0.22 mm) exhibiting a porosity of approximately 0.38
(+/−5%), spatially uniform hydraulic conductivity of approximately
1 m/d (+/−25%), low hydraulic gradient (0.00014) and seepage veloc-
ity of approximately 0.15 m/y. Annual rainfall, associated with Shamal
(north) winds in January through March, averages 60 mm over the
study area. Annual potential evaporation exceeds 3800 mm (all values
from the work of Wood and others, see references cited).
Authigenic mineral precipitation is common and largely limited
to the surface and capillary zone below the sabkha surface as water
is drawn upward in response to intensive evaporation and regionalFig. 1. Location map of study area. Sample designations are described in the texthydraulic head. Retrograde soluble calcite, dolomite, gypsum, and anhy-
drite precipitate within the capillary zone, while halite, carnallite, syl-
vite, and niter precipitate on the sabkha surface.3. Methods
Three different drilling techniques were used in installing the
wells and piezometers fromwhich the sampleswere taken. The shallow
RP-series (“R” designations on Fig. 1) piezometer nests were drilled
using mud-rotary equipment in a proﬁle perpendicular to the Gulf
shoreline approximately 60 km west of Abu Dhabi City. All piezometer
nests, except those at site RP-5, are completed at various depths in the
Abu Dhabi formation. Five-centimeter diameter PVC pipe, slotted by a
hacksawon the bottom0.5m and ﬁttedwith end cap, identiﬁcation col-
lar, and cap, was installed into the holes immediately after drilling.
Water samples from the RP piezometers were collected by peristaltic
pump. Pump tubing was rinsed both inside and out in distilled water
prior to sampling, and several liters of brine were pumped to waste
before installing an in-line ﬁlter for sample collection. Three well vol-
umes were discharged before sampling all wells.
The deep GWP-series of wells (“G” designation on Fig. 1) were
drilled parallel to the coast using reverse air rotary equipment and pen-
etrated into the underlying bedrock of Miocene age. These wells were
ﬁnished with approximately 40 m of steel surface casing, with open
hole for the remainder of their total depth. All of the GWP wells ﬂowedand Table 1. Abu Dhabi City is located just to the north of the expanded box.
Table 1
Location and Ra-226 activity of samples analyzed.
Field identiﬁcation Latitude Longitude Map 226Ra
N E Bq/m3
Sabkha
ABU 001 24.1303 54.1992 A1 338
ABU 017 24.1943 54.3923 A17 1333
ABU 021 24.2543 54.6372 A21 302
ABU 023 24.1985 54.4170 A23 3750
ABU 024 24.1673 54.4217 A24 7050
ABU 025 24.1881 54.3012 A25 117
ABU 037 24.1396 54.2455 A37 352
ABU 039 24.0848 54.1890 A39 680
ABU 048 24.1834 54.5291 A48 2217
ABU 050 24.2149 54.4967 A50 2637
ABU 055 24.2049 54.4054 A55 537
ABU 060 24.1953 54.4018 A60 1017
ABU 064 24.2156 54.4243 A64 540
ABU 067 24.0819 54.3107 A67 457
ABU 068 24.0569 54.2953 A68 193
ABU 070 24.0278 54.2458 A70 325
ABU 071 23.9615 54.0365 A71 168
ABU 075 24.0071 54.1520 A75 525
ABU 076 24.1075 54.2805 A76 400
ABU 082 23.9889 54.1965 A82 468
ABU 083 23.9766 54.1703 A83 235
ABU 085 24.0755 54.1246 A85 322
ABU 088 24.3015 54.5646 A88 230
ABU 090 24.3042 54.5227 A90 307
ABU 095 24.2433 54.1601 A95 475
ABU 104 24.1709 54.0601 A104 118
ABU 116 24.1031 54.0330 A116 257
ABU 119 24.0676 54.0705 A119 692
ABU 120 24.0138 54.1079 A120 937
ABU 128 24.0460 54.4511 A128 202
ABU 134 24.0633 54.5793 A134 42
ABU 162 24.2146 54.6088 A162 178
ABU 169 24.1624 54.6679 A169 383
ABU 176 24.1574 54.5924 A176 2033
ABU 195 24.0670 54.1613 A195 2033
ABU 209 24.2041 54.3780 A209 277
ABU 227 24.1693 54.3966 A227 1268
ABU 235 24.0947 54.1585 A235 278
ABU 246 24.1322 54.2681 A246 937
ABU 260 24.0521 54.1445 A260 650
ABU 261 24.0356 54.1085 A261 783
ABU 263 24.0215 54.0856 A263 1043
ABU 264 24.0172 54.0315 A264 1200
ABU 502 24.1858 54.2286 A502 533
ABU 503 24.2067 54.2708 A503 1083
ABU 517 24.2641 54.4752 A517 1210
RUW 003 24.1323 52.5980 3 180
RUW 006 24.0897 52.5337 6 103
RUW 010 24.0163 52.3666 10 863
RUW 015 24.1003 52.8785 15 540
RUW 021 24.0958 53.0003 21 2497
RUW 023 24.1129 52.6971 23 372
RUW 041 24.0599 52.5271 41 58
RUW 051 24.0713 52.4941 51 53
TAR 055 24.0233 53.4090 55 28
TAR 111 24.0112 53.4550 111 12
RP 1–2.5 24.1043 54.1219 R1 152
RP 1–10.0 24.1041 54.1219 355
RP 1–36.0 24.1043 54.1220 330
RP 2–4.5 24.1444 54.0820 33
RP 2–12.0 24.1445 54.0820 R2 15
RP 2–21.0 24.1445 54.0821 28
RP 3–3.0 24.1281 54.0922 R3 10
RP 3–10.0 24.1281 54.0922 23
RP 4–3.0 24.0260 54.1421 R4 390
RP 5–16 23.9839 54.1593 R5 543
RP 5–35 23.9840 54.1593 533
RP 6–10.0 24.1198 54.1040 R6 313
RP 6–16.0 24.1199 54.1036 428
RP 6–35.0 24.1198 54.1040 617
Miocene bedrock
GWP 289 (119 m) 23.9891 53.7282 G3 745
(continued on next page)
Table 1 (continued)
Field identiﬁcation Latitude Longitude Map 226Ra
N E Bq/m3
GWP 290 (88 m) 23.9839 54.1596 G4 910
GWP 288 (89 m) 24.1010 52.8476 G2 2333
GWP 306A (137 m) 24.1003 54.1323 G7 3662
GWP 292 (119 m) 24.1347 54.4112 G6 4000
GWP 291 (142 m) 24.1201 54.1025 G5 4560
GWP 287A (121 m) 23.9333 51.9859 G1 7688
Bq/m3 (Becquerels per cubic meter).
m (meters below land surface).
Map: location in Fig. 1.
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shut-off valve, and pressure gage.
Shallow piezometers (designated “ABU”, “TAR”, and “RUW” in
Table 1 and as alpha-numerics in Fig. 1) were drilled to a depth of
between 1 and 2 m below the water table using a portable, auger-type
drill. Five-centimeter diameter PVC pipe, slotted by a hacksaw on the
bottom 0.5 m and equipped with a wooden-drive point, identiﬁcation
collar, and cap, was installed into the holes immediately after drilling.
Chemical analyses of the brines were performed using techniques
and methods as reported by Wood et al., 2002. Results of some of the
chemical analyses have been reported previously in the publications
referenced above describing the ascending brine model (the RP series
samples).
Radium analyses were carried out on clear or ﬁltered samples
(generally 100 ml or less for shallow sabkha samples, up to 1000 ml
for GWP and some RP samples) by adding 6 ml of saturated Ba(NO3)2
solution. Normally therewas enough natural sulfate present in the sam-
ple to precipitate sufﬁcient Ba(Ra)SO4 for analysis. However, in amajor-
ity of cases H2SO4 was added to ensure conditions for complete
precipitation of barite. The precipitate was collected, washed, dried
and placed in a polyethylene vial for counting in a 25% relative efﬁcien-
cy, well-type HPGe detector. Aliquots of NBS 4539 radium standard
were processed in the samemanner as the samples to calibrate the efﬁ-
ciency of the processing and counting procedures.
To determine uranium concentration an aliquot of samplewas dilut-
ed several-hundred fold with 0.1 N HCl and analyzed by using the EPA
method 200.8 (EPA, 1994) on an Elan 9000 ICP/MS. After uranium con-
centrations were determined, a suitable volume of sample was proc-
essed for U-234/U-238 activity ratio according to the method of
Kraemer et al. (2002), using an Elan 9000 ICP/MS with ultrasonic
nebulizer.
4. Results
77 samples, collected from the entire length of the sabkha, were
analyzed for Ra-226 (Table 1) and many also for major ions (Table 2,
most from previously unpublished sources). The most intensive sam-
pling was done south of the city of Abu Dhabi, where the sabkha has
its maximumwidth (Fig. 1), and in the area wheremost of the previous
work published in the literature has taken place.
Total dissolved solids of the brineswere in general very high,mostly
above 200,000 mg/l, similar to results found by others working in the
region (Butler, 1969; Patterson and Kinsman, 1981; Kinsman, 1969;
McKenzie et al., 1980) and consist of sodium/chloride brines with high
concentrations of calcium and magnesium and a Mg/Ca ratio (on a
mass basis) over a range from 0.5 to 2, but which in some cases
approach 10 (e. g. RP3-3.0), presumably representing areas where gyp-
sumor anhydrite precipitation is occurring. Sulfate is common at nearly
all sabkha sites, as well, although inmany instances is less concentrated
than other, more conservative, ions suggesting removal by sulfate min-
eral precipitation during the brine formation process. Sulﬁde was not
Table 2
Chemical and uranium isotopic composition of some Abu Dhabi sabkha samples.
ID number
Na Ca Mg K Cl SO4 Br Ba TDS pH U-234/U-238 Error U Ra-228/Ra-226
ABU001 105,000 3500 1500 1200 164,300 3750 10 160 282,751 7.6
ABU017 40,300 40,000 31,000 13,600 240,000 200 50 2300 374,570 5.6
ABU021 92,500 4200 10,800 4100 190,000 1300 25 300 304,734 6.7
ABU023 41,000 25,000 18,300 7650 171,500 700 35 600 268,347 6.2
ABU024 71,500 15,800 17,900 7100 197,000 650 15 480 314,658 6.0
ABU025 93,100 3700 7600 4250 178,000 1900 60 140 289,735 6.9
ABU037 85,000 8600 11,700 6200 190,500 850 25 320 307,577 6.3
ABU039 78,500 10,500 13,900 7350 186,500 850 25 780 303,208 6.4
ABU048 59,000 28,000 19,000 4850 198,500 6050 37 319,485 6.0
ABU050 80,600 6600 3700 1900 140,700 2400 20 700 236,591 7.4
ABU055 29,000 50,000 37,000 7500 247,300 6000 33 384,577 5.4
ABU060 70,000 24,000 18,000 5600 208,000 5900 5 335,931 6.0
ABU064 50,000 35,000 25,000 6100 208,700 5900 32 335,291 5.8
ABU075 100,400 5800 6000 3600 182,000 2000 33 80 302,168 6.8
ABU076 98,000 6200 6800 3300 188,000 1500 17 260 306,927 6.9
ABU085 7200 17,500 14,500 5800 186,400 900 20 302,436 6.4
ABU090 90,000 8500 7500 3700 176,000 1300 340 287,717 6.7
ABU104 87,000 3400 6500 4400 155,000 3100 335 259,924 6.7
ABU116 83,100 5700 8500 4300 161,400 2200 315 265,776 6.6
ABU120 67,200 12,500 8500 3300 155,800 1150 10 253,367 6.7
ABU134 83,000 13,000 13,000 4000 184,000 950 80 180 299,700 6.6
ABU162 89,000 8900 9600 3000 177,500 1300 62 100 290,775 6.7
ABU169 87,000 4300 7200 2750 158,600 2200 21 80 262,503 6.8
ABU176 114,000 3050 4100 2350 183,000 2600 11 370 309,929 7.4
ABU195 79,000 19,000 15,000 7000 194,000 950 33 1500 320,969 6.5
ABU209 82,000 13,700 9700 4850 177,500 7100 11 325 298,019 7.2
ABU227 84,000 14,500 12,900 5400 180,000 7400 12 308,319 6.2
ABU235 89,000 11,900 10,000 4600 177,500 7200 45 550 303,272 6.7
ABU246 86,000 15,000 13,300 6100 184,000 7200 6 317,910 6.5
ABU260 79,600 11,500 10,000 5300 176,500 7200 10 800 295,947 6.7
ABU261 79,500 14,400 13,700 7950 180,000 7200 9 1200 307,346 6.6
ABU263 96,900 8100 7100 4800 173,000 8100 8 500 303,011 7.0
ABU264 103,800 4200 4100 4000 171,000 8100 9 250 298,587 6.7
ABU502 93,200 8000 10,900 5100 194,500 3400 355 322,887 6.2
ABU503 102,000 6000 8400 4600 202,000 4600 250 328,209 6.4
ABU517 82,500 13,600 18,000 6200 200,000 5100 285 326,533 5.6
RUW003 78,000 6000 6200 2500 152,000 1500 230 247,019 6.2
RUW006 100,000 1500 2600 1900 172,000 4700 30 284,261 6.7
RUW010 84,000 11,300 12,500 4200 196,000 1000 60 313,371 6.3
RUW015 98,500 3100 5800 2430 182,000 2000 45 295,702 6.7
RUW021 97,500 7800 8200 5000 193,000 900 25 318,374 6.5
RUW023 104,000 3600 4400 2600 180,000 1600 30 298,858 6.8
RUW041 70,800 950 1700 1400 111,000 10,700 50 40 197,002 7.5
RUW051 119,000 3000 4600 3000 196,400 3000 36 20 330,243 6.8
TAR055 40,000 1000 1800 1100 60,500 14,000 60 20 118,602 7.6
TAR111 112,000 750 1000 4000 164,000 19,500 67 40 302,210 7.3
RP1–2.5 86,500 4650 9400 3700 166,000 3800 41 274,646 6.8
RP1–10.0 85,500 4600 10,000 4000 178,000 4000 6.5 0.5
RP1–36.0 87,000 4550 9850 3900 174,000 4000 283,454 6.8 0.5
RP2–4.5 31,000 1400 3500 1100 57,000 10,000 104,136 7.3 1.144 0.010 9.7
RP2–12.0 60,000 1100 6700 2050 112,000 12,000 197,000 7.0 1.102 0.006 5.5
RP2–21.0 71,000 1450 6850 2550 123,000 8800 213,806 6.9 1.144 0.004 16.1
RP3–3.0 97,000 975 9550 3875 167,000 10,000 288,554 6.9 1.155 0.005 2.8
RP3–10.0 87,000 1650 6700 3150 151,500 8400 258,566 7.2 1.155 0.007 0.6
RP4–3.0 91,500 5800 6500 3200 172,000 1600 280,786 6.7 0.2
RP5–16 34,000 2000 2000 550 60,000 7000 105,657 7.4
RP5–35 34,000 2200 2000 600
RP6–10.0 91,000 3750 4300 2700 151,000 5250 258,111 7.0 0.1
RP6–16.0 91,000 3750 4300 2700 151,000 5250 258,111 7.0
RP6–35.0 92,000 4100 4650 2650 153,000 5200 261,727 6.8 0.6
GWP287 35,000 4800 2600 1300 69,500 2850 140 118,039 0.05
GWP288 10,500 1450 950 300 19,700 4050 11 37,109 8.0 0.07
GWP289 5600 1150 675 120 10,300 4000 5 21,922 7.8 0.11
GWP290 15,500 1500 950 450 25,000 6750 15 50,251 7.4 0.07
GWP291 31,500 2200 1350 950 55,100 4650 20 95,867 7.8 0.04
GWP292 48,000 3600 2400 1500 87,300 3300 6 146,239 7.4 0.15
GWP306 34,500 2750 1250 1100 62,500 4800 12 107,056 0.01
Arab Gulf 13,000 625 1750 625 24,000 3450 72 43,563 7.6 1.16a 0.03a 4.1
Sabkha material carbonate
Random selection 1 1.138 0.004
Random selection 2 1.150 0.004
Random selection 3 1.157 0.006
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was noticed during the preparation of samples in the ﬁeld or laboratory.
Varying Ra-226 activity is found in the brine along the extent of the
sabkha, including several occurrences greater than 1000 Bq/m3. A two
dimensional picture of greater areal resolution is possible in the area
just to the south of the city (Fig. 2), where values reach as high as
7050 Bq/m3. The lowest-radium areas occur along irregular seaward
and landward edges of the sabkha.
Owing to the nature of the gamma spectroscopic method used in
this study, Ra-228 as well as Ra-226 can be quantiﬁed from the same
spectrum, if it is present in sufﬁcient activity. The nature of the sabkha
samples is such, however, that due to the generally small sample
size available, the activity of Ra-228 present in the sabkha sample
aliquots is unquantiﬁable or undetectable. The GWP-series sample
analyses were of sufﬁcient quality that it can be determined that the
Ra-228/Ra-226 activity ratio of all samples is less than or equal to 0.15.
5. Discussion of sources of radium
A. Seawater
The Ra-226 in the sabkha brines could originate from a number of
different sources, many of which are difﬁcult to quantify due to a
lack of knowledge of the detailed compositions of these possible
sources. It is important, however, to reasonably estimate or evaluate
their potential magnitudes.
The ﬁrst possibility to be considered is whether seawater could be a
viable source of the Ra-226 by itself. Studies of radium in seawater
clearly demonstrate that Ra-226 occurs in quantities less than 1 or
2 Bq/m3, even in coastal regions receiving riverine supplies of
water and sediment (Moore, 1976; Okubo et al., 1979; Moore,
1981; Moore et al., 1985; Liu et al., 2010; Su et al., 2010; Ohta
et al., 2011). The coastal Arab Gulf itself has been found to contain
low values of Ra-226 of no higher than 5 Bq/m3 (Fadlelmawla
et al., 2013). One sample of Arab Gulf seawater taken from a beach
area during our study, in the approximate mid-point of the sabkha
study area length, although of small volume, was found to contain
no activity of Ra-226 above blank amounts, and is therefore conser-
vatively interpreted to contain Ra-226 activity less than 30 Bq/m3. It
is therefore unlikely that seawater could be the major source of the
highest radium activities found in the sabkha brines. It could, how-
ever account for the Ra-226 found around the RP2 (within 10 m of
high tide) and RP3 (also close to the coast) piezometer nests.
Here, the Ra-226 values range between 10 and 33 Bq/m3. Assuming
a 7-fold evaporation based on the dissolved chloride ratio between
RP3-3 (167,000) and Arab Gulf water (24,000 mg/l), the Ra-226
activity of seawater would be between 1.4 and 4.7 Bq/l, consistent
with reported values. In like manner, the lowest values found in
sabkha brine along the rest of the sabkha could also be attributed
to a seawater source.
B. Matrix
The other source of radium that needs to be considered is the
sedimentary framework material itself. All Earth surface material
contains someU andTh, and therefore, radium that could potentially
be supplied to the brine, either by chemical or physical (alpha-
recoil) processes.
Two chemical processes could contribute radium to the brine. One is
dissolution of mineral grains containing radium, the other is desorp-
tion of radium from surface locations on matrix grains.
Evaporated seawater is a poor solvent for the majority of matrix,
which is composed of seawater-precipitated carbonate grains andNotes to Table 2:
All constituents reported in mg/l, except pH (pH units), U (μg/l) and activity ratios (dimension
Ra-228/Ra-226 activity ratios are estimated to be ± 10%.
RP series and GWP series chemical analyses previously published in Wood et al. (2002).
a U-234/U238 activity ratio determined by alpha spectrometry.detrital quartz and clay silicate grains blown or washed in from sur-
rounding areas, as seawater is saturated with respect to carbonate
minerals (Chave and Suess, 1970) and simple evaporation of seawa-
ter does not increase carbonate solubility, but rather can cause pre-
cipitation to occur (McCaffrey et al., 1987).
Secondly, for the majority of the sediment grains (carbonate), their
age is too young (Pleistocene to Holocene) to have had the ability
to generate Ra-226 from the uranium contained within them, so
that even if dissolution were occurring, there would be little radium
to supply to the brine. The young age of the carbonate grains is prov-
en by the U-234/U-238 ratio of several samples of carbonate materi-
al, which averages 1.15 (modern seawater) (Table 2). Due to the fact
that production of Ra-226 is governed by the in-growth of the
76,000 y half-life nuclide Th-230 in the uranium-series decay
chain, and as carbonate minerals precipitating from seawater
contain little to no initial Th-230 due to its near absence in seawater
(Robinson et al., 2004), insufﬁcient time would have elapsed be-
tween time of incorporation of uranium (without Th-230) within
the grain and any dissolution process, if active, presently removing
the Ra-226.
Quartz and other silicate mineral grains have even lower solubility,
and are less likely candidates to supply radium during dissolution,
even though they may contain several parts per million of uranium
and an equilibrium activity of daughter Th-230.
To further emphasize the shear inability of dissolution to contribute
any measurable amount of radium to the sabkha solution, consider
that calcite has a solubility in fresh water of about 15mg/l and com-
monly contains 3 ppm U if precipitated in a marine environment
(Osmond et al., 1965; Robinson et al., 2004). Therefore about 5
×10−8 g (or about 0.0006 μBq) of uraniumwould be releasedduring
dissolution of calcite in 1 l of water, an insigniﬁcant amount,
resulting in a negligible contribution of Ra-226 even if it were in
equilibrium with the uranium.
Adsorption/desorption processes are likewise thought to be of limit-
ed effect in determining the Ra-226 activity in the brine. In order for
high values of Ra-226 to be found in the brine from desorption from
matrix grains, a large percentage of the aquifer material would have
to be composed of clay-sizedmaterial, contain a large amount of Ra-
226 (or Th-230 or U-234), or both. The actual composition of the
aquifer material as described by Wood and coworkers states that
98% of the matrix mass is between 0.16 and 0.22 mm in diameter
and composed of mostly carbonate and quartz grains. Typically,
this type of material would have low exchange capacity, and not
be expected to supply adsorbed Ra-226 to solution even as salinities
increased due to evaporative concentration.
Most of the remaining 2% of mass is either ﬁne-grain gypsum or
anhydrite (authigenic precipitates) or, depending on location,
palygorskite, another authigenicmaterial, as revealed by X-ray anal-
ysis. Only traces of additional aluminosilicate clay minerals are
found. This would make it unlikely that radium brought into the
sabkha adsorbed onto ﬁne-grained material would be desorbed.
Although unquantiﬁable, it is difﬁcult to envision exchangeable
material added during deposition of the sabkha as adding more
than a trace of Ra-226 to the sabkha brine.
The ﬁnal means of supplying radium from the solid matrix to brine
phase is the physical process of alpha-particle recoil, whereby an
atom of a decay product in a decay chain is ejected across a phase
boundary by the process of alpha decay (Kigoshi, 1971). In this situ-
ation, Ra-226 could be ejected from a sabkha grain into pore-water
brine as a result of the decay of its parent, Th-230. In fact, thereless).
Fig. 2. Contourmap of Ra-226 activity in sabkha brine in the area south-west of the city of Abu Dhabi, UAE. Note that to improve clarity the contour intervals do not increase in a constant
manner.
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as a result of alpha-particle decay, since there are three such decay
modes in the uranium decay series before Ra-226 is formed (the
decay of U-238 to Th-234, the decay of U-234 to Th-230, and the
decay of Th-230 to Ra-226). Any of these decays could eject a nuclide
that would eventually result in Ra-226 occurring in solution.
Kraemer (1981) estimated the equilibrium amount of U-234
recoiled into brine from a sand-grained matrix via alpha-particle re-
coil using the formula:
U‐234recoil ¼ 3LUppmρ 1−ϕð ÞC=4rϕ ð1Þ
where U-234recoil is the amount of U-234 that is supplied to a satu-
rating solution occupying the porous space of a rock, L is the recoil
length that the decaying atom of U-234 travels as a result of alpha
particle emission from the nucleus during decay of U-238, Uppm is
the uranium concentration of the matrix grains, ρ is the density of
the mineral grains, φ is the porosity of the rock, r is the radius of a
sphericalmatrix grain, and C is a proportionality constant. This equa-
tion is based on the fact that U-238will decay to Th-234 andmay be
transported across a grain/brine interface during this process of
decay. The Th-234 then decay into U-234. A modiﬁcation is needed
for the present application to take into consideration that the
decay of U-238 to Ra-226 involves three alpha decays (U-238 to
Th-234, U-234 to Th-230, and Th-230 to Ra-226), thus giving the
atom three chances to enter solution by the physical process of
alpha particle recoil. We will neglect considering the chemistry of
the products and the possibility of their adsorption once in solution
to demonstrate the maximum supply.
Using the modiﬁed equation we have:
Ra‐226recoil ¼ 3NLUppmρ 1−ϕð ÞC=4rϕ ð2Þ
where N is the number of alpha decays between the decay of U-238
and the formation of Ra-226. The other symbols are as before. Using
N=3, L=2×10−8m,Uppm=3 μg/g, ρ=2.6× 106 g/m3,φ=.38, r
= 8 × 10−5 m and C = 0.0125 Bq/μg U-238, the activity present inthe pore water brine at secular equilibrium will be no greater than
90 Bq/m3. This, however, is a maximum value that will only occur
after a period of several hundred thousand years, when the system
approaches or achieves secular equilibrium. The Abu Dhabi forma-
tion, however, is only about 7000 to 8000 years old, so the Ra-226
could only have been accumulating in the pore space for this length
of time. If the conditions for the above calculation were operating
over 8000 years, the accumulated amount of Ra-226 would be
approximately:
Ra‐226recoil ¼ Ra‐226equil 1− expð−λ230tð ÞÞ ð3Þ
where Ra-226recoil is the activity of recoil accumulated Ra-226 in the
brine after time t, Ra-226equil is the activity of Ra-226 in the brine
when secular equilibrium has been established, and λ230 is the
decay constant of Th-230, the immediate parent of Ra-226.
Therefore, after 8000 years the Ra-226 activity in the sabkha brine
as a result of alpha-particle recoil of Ra-226 would be about 6.3 Bq/
m3. Even this is a maximum value, since many of the grains making
up thematrix are Pleistocene carbonate grainswhich initially inherit
little to no Th-230 during formation, and thus are incapable of sup-
plying Ra-226 in the amount calculated in Eq. (3).
This calculation, while approximate, is intended to show the generally
low transfer efﬁciency of alpha-particle recoiled nuclides from sand-
sized particles that make up the vast majority of sabkha material. It
is also not likely that the sabkha matrix contains particles with signif-
icantly higher uranium concentrations than we have assumed, in that
other than marine carbonates the only other sources for sediment in
the region are basic to ultrabasic rocks that occur in, for example,
the Oman Mountains to the east. This type of rock typically contains
less uranium than marine limestones (Larsen and Gottfried, 1960).
Based on the above discussion of chemical and physical process that
may supply Ra-226 to brine pore water we conclude that a signiﬁcant
amount of Ra-226 is unlikely to accumulate as a result of their opera-
tion. A ﬁnal question to be resolved is to what extent does the evapo-
ration process itself increase in activity of Ra-226 thatmay be supplied
to the brine by these means?
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tinuously supplying the sabkha, the water would evaporate, concen-
trating the solutes, including radium, in the remaining brine, and the
evaporated volume of water would be replaced by new inﬂowing
brine. This is obviously because there is a ﬂow of solutes into the sys-
temwithout subsequent ﬂow out. However, in the casewhere a com-
ponent is being supplied by a process independent of what is being
brought in by the external source, this concentration mechanism
does not apply. Thus, the activity of Ra-226 in solution from thematrix
sourceswould be independent of any solvent evaporation takingplace
as long as the pore space remains saturatedwith inﬂowing brine. To a
large degree, therefore, any radiumbeing supplied by processes acting
upon the sediment matrix will not be concentrated in the brine as a
result of evaporation.
C. Brine
All of the previous discussion has been to illustrate that seawater and
matrix material of the sabkha are poor suppliers of radium to the
brine. However, based on the data presented in Table 1, activities of
Ra-226 are commonly high, and in fact many greatly exceed the esti-
mated supply from matrix material, lending support to the proposal
that some other mechanism is responsible for these values.
According to themodel of Sanford andWood (2001), ascending brine
enters the Abu Dhabi formation vertically and from inﬂow from the
proximal edge (the contact with the Miocene formations, Fig. 2),
where solutes (including radium) then undergo a concentration pro-
cess as a result of evaporation. To date, according to their analysis,
about a seven-fold increase in conservative solutes in the brine should
have occurred during the time the sabkha has been developing (about
8000 y), a number that is supported by the approximate seven-fold
increase they found in the most conservative element, Mg, in the
sabkha brine as compared to the average geologic brine composition
(Wood et al., 2002).
Ra-226, like many other non-conservative components, does not
show activity increases as high as the more conservative elements
like Cl and Mg as compared to the ascending brine in most cases,
but does show considerably higher activity than could be accounted
for by simple concentration of sea water or likely supply frommatrix
grains by dissolution, adsorption/desorption or alpha recoil effects.
Further, the distribution of the Ra-226 under the sabkha is suggestive
of the source of supply being from ascending brines as well. Fig. 2
shows the distribution of Ra-226 in the region just to the south of
the city of AbuDhabi. It is seen that the highest values of Ra-226 occu-
py the central portion of the sabkha, with activities decreasing gener-
ally toward the openGulf, consistentwith only the distalmargin brine
being formed from evaporation of seawater whose Ra-226 activity
is low.
Vertical variability in radium activity is also shown by the data from
the research piezometer nests. The two piezometer nests closest to
the Arab Gulf (RP 2 and RP 3) show low Ra-226 activities to a depth
of 4.5 m, while the piezometer nests within the main part of the
sabkha (RP1, RP5 and RP6) produce brine considerably enriched in
Ra-226. Piezometer nests RP2 and RP3 represent the minor area of
the sabkha where seawater is important as a contributor of brine in
general for this area.
The central area of the sabkha represents an area of generally high but
variable activity of Ra-226, from about 300 to over 4000 Bq/m3. The
large variation in Ra-226 activity within the main body of the sabkha
could be due to two factors. First, the ﬂux of up-ﬂow of the geologic
brine is likely highly variable regionally, with fractures or areas of var-
iable hydraulic conductivity controlling ﬂow into the aquifer. Second,
the Ra-226 activity in the up-ﬂowing brine (as represented by the
GWPwells)may not be uniform over a large area. The fact that the ac-
tivity at Abu 024 (7050 Bq/m3) is higher than any of the deep wells
which are likely supplying the sabkha, except for G1 (7688 Bq/m3)
to the extremewest of the study area, suggests that there is consider-
able variation of Ra-226 activity in the geologic brine.D. The model
To determine whether the radium activities found in the sabkha
brines are within the range expected for supply from geologic brine,
the model of Sanford and Wood (2001) was applied for calculating
the expected concentrations of solutes in the sabkha brines based on
hydrologic parameters develop by them. The model was modiﬁed to
correct for radioactive decay of Ra-226 thatwould occur during the ac-
cumulation period in the sabkha aquifer. The modiﬁed equation is
thus:
Apw ¼ AiQ=bλð Þ 1− exp −λtð Þð Þ ð4Þ
where Apw is the Ra-226 activity of the pore water (Bq/m3), Ai is the
Ra-226 activity in the ascending brine (Bq/m3), Q is the ﬂux of water
through the base of the aquifer frombelow (m3/m2/y), b is the aquifer
thickness (m), λ is the decay constant for Ra-226 (1/y), and t is the
time (y) that the sabkha aquifer has been accumulating the ascending
brine. Using values for Ai of 3416 Bq/m3 (the mean of the GWP sam-
ples, Table 1), Q of 0.0025 m3/m2/y, b of 10 m, λ of 0.000433 y−1,
and a solute accumulation time of 8000 y (all values from Sanford
and Wood, 2001), the model predicts that the present day Ra-226
activity in the sabkha aquifer brine would be 710 Bq/m3, taking into
account both evaporation concentration effects and radioactive
decay. This value is within the range of measured values found for
the sabkha samples, is well above what could likely be expected
from seawater and matrix supply, and is therefore consistent with
the ascending brine model, considering the many ﬁeld variables that
are not well constrained, as discussed below.
Reasons for variation in radium activity found in the sabkha aquifer
brine, in addition to those already mentioned, could be the result, at
least in part, of differences in brine upwelling rate over geographic
area due to variation in hydrologic properties of the rock through
which the ascending brine must ﬂow, and a slow horizontal mixing
along the axis of the sabkha aquifer.
Additionally, as the ascending brine is transported to the Abu Dhabi
formation from deeper it must transit through up to 100 m of inter-
vening formation between these deep aquifers and the base of the
Abu Dhabi formation. The transit time through these formations to
the base of the Abu Dhabi formation could allow for signiﬁcant
decay of the Ra-226 depending upon the length of time it takes the
solutions to cover these distances, assuming no additional sources of
radium to (or removal from) the solution from the passed-through
formations themselves.
Another cause of radium variation in sabkha pore-water solution after
delivery is co-precipitationwith barium sulfate (barite), a process that
is well known to remove radium from solution (Doerner and Hoskins,
1925; Zhu, 2004). The fact that sabkha samples contain appreciable
activities of radium is a strong indication, however, that barite precip-
itation does not occur extensively from the sabkha brine, since even a
small degree of barite precipitation would likely quantitatively
remove a majority of radium from solution. However, there are pro-
cesses and conditions that can occur in aquifers that could allow for
the presence of radium in barite-saturated water, under certain situa-
tions (such as if the radium entered the pore space after barite
precipitation).
6. Summary and conclusions
Wood et al. (2002) proposed an explanation for the origin of hyper-
saline brine of the sabkhat of coastal Abu Dhabi that addressed short-
comings in previous seawater based models and incorporated known
hydrologic facts concerning ﬂow rates and head properties of ﬂuids in
the deeper aquifer. Although the ascending brine model (ABM) was
an improvement over previousmodels in its compatibility with existing
information, the present-day functioning of such a model could not at
the time be conclusively demonstrated. Analysis of Ra-226 in sabkha
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reasonable source of the radium, and, therefore, other solutes.
The 1601 y half-life of Ra-226 and the abundance of this nuclide in
the ascending deep basin brine allowed for an evaluation of the ABM
model. Results ofmodel calculations arewithin the range of actualmea-
surements of radium in sabkha brines and show that the ABM can
explain existing radium occurrence in modern sabkha brines, and that
the processes described by the model are operating currently and/or
in the recent past.We therefore conclude that the ABM is valid and cur-
rently active and responsible for the solutes found in the brines of the
Abu Dhabi sabkhat. As a result we have 1) conﬁrmed a general model
for the possible origin of solute sources in coastal environments, and
2) resolved a classic question on the origin of solutes in the Abu Dhabi
coastal sabkha that has been the subject of interest and debate in the lit-
erature for over 50 years. This knowledge could be important inmanag-
ing the resources of low lying sabkha environments worldwide in
response to future human efforts of development andmitigating effects
of climate-induced sea level rise. It may also necessitate a re-evaluation
of the interpretation of sabkha sediments in the geologic record.
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